Experimental measurements of pressure and temperature are reported over a wide composition range for the phase coexistence of carbon dioxideÈbenzeneÈwater ternary mixtures. Phase coexistence was observed at temperatures and pressures up to 600 K and 300 MPa, respectively. The experimental measurements were determined largely by a "" synthetic ÏÏ method which involved determining "" knick-points ÏÏ in the temperatureÈpressure curves supported by additional visual observations. The ternary mixtures exhibit both two-phase/one-phase and three-phase/two-phase transitions. The experimental measurements are supplemented by equation of state calculations using the Guggenheim equation of state in conjunction with conformal solution theory and the one-Ñuid model.
I. Introduction
Our knowledge of the phase behaviour of multicomponent mixtures stems largely from studies involving binary mixtures. The Ñuid phase equilibria of many binary mixtures have been observed experimentally1 over a wide range of physical conditions including very high pressures. ClassiÐcation schemes2,3 have been developed based on the critical equilibria behaviour of binary mixtures. Increasingly accurate equations of state4 have been reported and applied successfully to the prediction of binary mixture phenomena5. In contrast to the systematic investigation of binary mixtures, work on ternary mixtures has been fragmentary and often incomplete. This situation can be attributed, at least partly, to the greater experimental and theoretical e †ort required to completely characterise ternary mixtures. Experimental measurements of the phase behaviour of ternary mixtures are conÐned largely to relatively low pressures. Data for both high pressures and critical properties are rare1. Noteworthy exceptions are the systematic studies6h9 of ternary mixtures containing carbon dioxide with large alkanes, large alkanols and carboxylic acids.
The phase behaviour of some ternary mixtures is likely to be a simple extension of phenomena exhibited by the constituent binary mixtures. This is particularly the case if the component binary systems have simple behaviour typiÐed by either Type I or II behaviour in the classiÐcation scheme of van Konynenburg and Scott.2 However, if the constituent binary mixtures have more complicated behaviour as exempliÐed by so-called Type IIIÈVI behaviour, the resulting ternary mixture is likely to generate a diverse range of phenomena.1h10 Calculations of the critical points of ternary mixtures have been used1 to systematically describe the phase behaviour of real ternary mixtures. In addition, calculations of the critical properties of model systems have been used recently11,12 to classify the phase behaviour of ternary mixtures.
In this work we report an extensive, experimental investigation of the phase behaviour exhibited by the ternary mixture composed of carbon dioxide, benzene and water. This mixture is of interest because two of the binary sub-mixtures (waterÈ benzene13 and waterÈcarbon dioxide14) exhibit Type III behaviour with a discontinuity in the vapourÈliquid critical locus. In contrast the other binary sub-mixture (carbon dioxideÈbenzene15) has Type I behaviour with a continuous vapourÈliquid critical locus between the critical points of the pure components. LiquidÈliquid equilibria for this system have not been reported, although the possibility of such phenomena occurring at very low temperatures cannot be discounted totally. The combination of Type III and I phase behaviour can potentially result in a diverse range of phase equilibria involving liquidÈliquid, vapourÈliquid and multiphase equilibria. Furthermore, both water and carbon dioxide are substances of considerable technological importance as exempliÐed by their role in supercritical extraction16 and supercritical oxidation17 processes.
II. Experimental
Two di †erent experimental methods have been applied, with emphasis on the Ðrst. This Ðrst method can be called "" synthetic ÏÏ. In the synthetic method a relatively small tubular autoclave of variable volume with an axial sapphire window is Ðlled with known amounts of the two or three Ñuid components. A movable piston regulates the volume of the autoclave. The cell was similar to that described elsewhere. 13 The temperature (T ) is increased at several constant volumes and the corresponding pressure (p) increase is registered. Transitions from three-phases to two-phases and from two-phases to one-phase are indicated by "" knick-points ÏÏ in the T Èp curves and by additional visual observation through the sapphire window. The composition of the individual phases can be derived from one-phase Ðnal states or from additional analytic determination. The synthetic method, applied to binary and ternary Ñuid systems, has been described in detail previously.17h20
The "" analytic ÏÏ method required a vertical and somewhat
Small samples for precise analysis of these phases could be taken at di †erent heights with three heated high-pressure pipettes. Both, the high-pressure measurement cells and additional accessory parts were designed for temperatures up to 650 K and pressures up to 400 MPa. Any corrosion had to be avoided. The cell used for the synthetic method was a tube with outside and internal diameters of 49 mm and 14.95 mm, respectively. The tube had a length of 340 mm and was made from a strong nickel-base non-corrosive alloy (German material no. 2.4668). It was closed at one end with a strong sapphire window. The other end contained a close-Ðtting (to 1/100 of a mm) 60 mm long piston. The piston had a platinum mirror on its front side, to reÑect a light beam passed through the opposite sapphire window. Measured amounts of the Ñuid sample components are Ðlled into the space between the window and the mirror. A pressurising Ñuid, consisting mainly of water, is used to push the piston forward until a certain desired pressure of the sample is produced. To read the volume an approximately 300 mm long wire with a magnetic tip is Ðxed to the rear of the piston. It extends into a tube of non-magnetic steel. The exact position of the tip, and therefore the exact position of the piston, can be determined with a magnetic induction bridge, which gives the volume of the sample. Near its rear end, the piston carries an O-ring to separate the pressurising Ñuid from the sample Ñuid. The O-ring had to be of Ðlled PTFE to prevent swelling caused by high-pressure gases. The experimental results reported here have been obtained with the synthetic method. Several bronze jackets with embedded sheathed heating wires performed heating. The sleeve-shaped jackets were arranged outside along the length of the autoclave. By adding or removing some of them, the portion of the autoclave at constant measured temperature could be varied and the region at the rear side of the moving piston with its TeÑon O-ring could be kept at a low temperature. Several thermocouples were positioned between autoclave and jackets. Thus, the autoclave temperature could be kept constant along its length to within 0.25 K. The exact measurement temperature was determined by one thermocouple inside the sample Ñuid. A small magnetic rod, agitated with an external permanent moving magnet, performed proper stirring.
To perform the synthetic measurements, the horizontal autoclave was cleaned, evacuated and afterwards loaded with weighed quantities of water and benzene. Finally, carbon dioxide was added from a small high-pressure cylinder and the amount was determined by weighing. At constant volume (determined with the variable piston) and after thermal equilibration, two or three Ñuid phases could be seen clearly through the sapphire window. Slow heating increased the pressure and the pÈT curves developed, "" knick-points ÏÏ, which indicated phase transitions from, Ðrst, three to two phases and subsequently from two phases to one phase. The cooling curve obtained afterwards had to coincide with the previous heating curve. After registration of one such "" isochor ÏÏ, others were registered with the same Ðlling but with a di †erent sample volume. Combination of the coordinates of the "" knickpoints ÏÏ, produced two curves ("" isopleths ÏÏ) : one on the boundary surface between the three-and two-phase region, the other one separating the two-phase region from the onephase homogeneous range.
The sample temperature inside the autoclave could be obtained to^0.25 K. Pressure was determined as the pressure of the pressurising water behind the piston. Precision Bourdon gauges, calibrated with a free piston gauge were used. After considering a certain friction loss at the piston O-ring, pressure could be determined up to 40 MPa to^0.3 MPa and from 40 to 350 MPa to^0.5 MPa. The sample volume was not determined for the current presentation but it can be reproduced with a maximum error of, typically, 0.6%. The amounts of substances were obtained by weighing. The uncertainty was^0.13% for the smallest amount and^0.02% for the largest quantity. The carbon dioxide uncertainty could reach^1.5 mol%. Comparison with results from previously investigated22 waterÈbenzene binary mixtures indicate, that the present uncertainties are probably smaller than given above. Boundaries between regions with di †erent phase numbers could be somewhat less well speciÐed because the position of the "" knick-points ÏÏ became less precise, particularly near the critical region. Visual observation was helpful and could resolve the transition region to^3 K.
III. Theory
Details of the calculations and the underlying theory are given extensively elsewhere1 and only a brief outline of the main points is given here. A review of methods for calculating critical points is available23 and a comparison of various equations of state has also been reported recently. 24 Two phases (denoted @ and A) involving three components will be in equilibrium when the temperature and pressure of both phases are identical and the following conditions are satisÐed :
where A, T , V and x represent the Helmholtz function, temperature, volume and mole fraction, respectively. In addition, the critical point of a mixture containing m components can be obtained from :
The stability of the critical points were checked using the thermodynamic criteria detailed elsewhere.1,23
The Helmholtz function is obtained from conformal solution theory25 using the one-Ñuid model
where R is the universal gas constant, is the conÐgu-A 0 * rational contribution to the Helmholtz function and and f es h es are the characteristic conformal parameters of the equivalent substance. It is customary to estimate the conformal parameters of pure Ñuids from critical temperatures and critical volumes relative to the properties of a reference substance (denoted by the subscript 0), i.e., f 11 \ T 11 c /T 00 c , h 11 \ etc. The conformal parameters for the equivalent V 11 c /V 00 c substance are obtained from the van der Waals one-Ñuid prescriptions
where the contribution from unlike interactions is given by :
where m and f are binary adjustable parameters that can be obtained by optimising the agreement of calculations with experiment for the critical locus of binary mixtures. The conÐgurational Helmholtz function, can be evaluated by A 0 * , direct integration of any suitable equation of state with respect to volume. In this work, we have used the Guggenheim equation,26
where b is the molecular co-volume and a is the contribution from van der Waals-like attraction between molecules. The equation of state parameters can be related to the conformal parameters (a P fh, b P h). The Guggenheim equation has been used extensively1 for the prediction of both binary and ternary mixture critical properties. At the densities normally encountered for Ñuid phase equilibria, the accuracy of the hard-sphere representation (Ðrst term on the right hand side of eqn. (12) 
IV. Results and discussion
41 ternary mixtures of di †erent composition were studied ( Table 1) . The results of measurements are reported in Tables  2 and 3 . They represent "" slices ÏÏ through the threedimensional pressureÈtemperatureÈcomposition surface. A slice commences at a point on the waterÈbenzene binary side of the composition triangle and proceeds as a vector to the adjacent carbon dioxide corner. The experimental data indicate that there are two distinguishable regions of phase transitions corresponding to two-phase/one-phase transitions (Table 2 ) and to three-phase/two-phase transitions ( Table 3 ). The two-phase/one-phase transition corresponds to changes in vapourÈliquid (low pressure) and liquidÈliquid (high pressure) equilibria. At lower temperatures and pressures, three-phase/two-phase transitions generate a liquidÈliquidÈ vapour surface. Some selected experimental phase boundaries are illustrated in Fig. 1 and Fig. 2 . The notation A, B, C, D and A, B, C indicate which data in Tables 2 and 3 correspond to these curves. Table 1 Values of composition for the ternary carbon dioxideÈ benzeneÈwater mixtures studied in this work. The ternary mixtures are grouped into "" slices ÏÏ that commence from di †erent binary waterÈ benzene mixtures as identiÐed in Tables 2 and 3 Mixture number Table 2 The two-phase/one-phase boundary for the ternary carbon dioxideÈbenzeneÈwater mixture at constant composition (x \ mole fraction) and varying pressures (p) and temperatures (T ), arranged with increasing density (listed elsewhere21). The data labelled A, B, C and D represent the data used in the four curves in Fig. 1 Mixture number p/MPa T /K Table 2 at constant values of composition for the carbon dioxideÈbenzeneÈwater ternary system (x(CO 2 )Èx(C 6 H 6 )Èx(H 2 O)). The measurements represent a "" slice ÏÏ through the ternary surface commencing at Thus the ratio Table 2 . A two-phase region is observed to the left of each curve (shaded area) and the one-phase region is to the right of each curve. The curves serve only as a guide. Table 3 The three-phase/two phase boundary for the ternary carbon dioxideÈbenzeneÈwater mixture at constant composition (x \ mole fraction) and varying pressures (p) and temperatures (T ), arranged with increasing density (listed elsewhere21). The data labelled A, B and C represent the data used in the three curves in Fig. 2 Mixture number p/MPa T /K The overall phase behaviour can be best appreciated by considering the critical surface. Critical surfaces have not been determined experimentally. A reasonable representation can be achieved, however, using equation of state calculations. Such calculations of the critical surface using the Guggenheim equation1,26 are illustrated in Fig. 3 . The unlike interactions required for these calculations were obtained by comparing theory with experiment for the binary critical curves. One Ðnds that the critical locus of the three binary sub-systems which compose the water (1)Ècarbon dioxide (2)Èbenzene (3) ternary mixtures can each be quantitatively reproduced using the following sets of combining rule parameters : m 12 \ 0.795 and and and f 12 \ 0.940, m 13 \ 0.750 f 13 \ 0.940, m 23 \ 0.800 and Using the "" slicing ÏÏ procedure mentioned f 23 \ 1.00. above, one obtains a pT -projection of a ternary critical surface in two parts. One part connects the binary branches waterÈcarbon dioxide and waterÈbenzene, which begin with Table 3 at constant values of composition for the carbon dioxideÈbenzeneÈwater ternary system The measurements, as in Fig. 1 
). a "" slice ÏÏ through the ternary surface commencing at x(H 2 O) \ 0.583, Thus the ratio remains constant
) for all points on this diagram. The curves A, B, C reÑect sections A, B, C of Table 3 . The shading points to the region containing two liquid phases. The curves serve only as a guide.
the critical point of pure water. The other surface spreads out between four di †erent critical curves : the binary critical curve of benzeneÈcarbon dioxide, a binary critical curve between the critical point of benzene and a critical end point (CEP) and a ternary critical curve between this CEP and another CEP (not shown here) very close to the critical point of pure carbon dioxide. The additional thin curves are ternary critical curves beginning with waterÈcarbon dioxide and for increasing mole fractions of benzene. Calculations for the critical properties of other ternary systems are also available.11,32h34 Fig. 3 Calculated critical cross-sectional proÐles of the waterÈ benzeneÈcarbon dioxide ternary system. The calculations show two distinct critical surfaces. One extends between the two branches of binary critical curves waterÈbenzene and waterÈcarbon dioxide, which begin at the critical point of water (heavy lines). The other critical surface extends between the three binary critical curves (heavy lines) benzeneÈcarbon dioxide, from the critical point of pure benzene to a critical end point (CEP) and from the critical point of pure carbon dioxide to a second critical end point (not shown here) very close to the critical point of carbon dioxide, and a ternary critical curve between the two critical end points (broken line). The additional thin curves are ternary critical curves beginning with waterÈcarbon dioxide and for increasing mole fractions of benzene. The numbers at the critical lines are for mole% benzene.
The experimental pressures and temperatures reported in Tables 2 and 3 were obtained at constant composition. This approach is experimentally convenient. For practical use, however, it is desirable to have data at constant pressure for di †erent temperatures. The constant pressure, constant temperature relationships can be extracted from the experimental data by plotting pressure against temperature at constant composition and determining the compositions that intersect any desired pressure and temperature coordinates. Alternatively, constant temperature, constant pressure relationships can be obtained from equation of state calculations. Previous work using equations of state indicates that, if accurate estimates of the binary interaction parameters are available, the calculated phase diagram of the ternary mixture is reasonably correct. Therefore, rather than duplicating the experimental data in Tables 2 and 3 in the form of graphs, one instead supplements these data by graphing the results of calculations.
Ternary composition diagrams of the carbon dioxideÈ benzeneÈwater ternary mixtures at one low (14.2 MPa), one medium (65 MPa) and one very high pressure (300 MPa) are shown in Fig. 4È7 . Fig. 4 gives two-phase and threephase regions with nodelines for 14.2 MPa. This set of triangles has been derived from measurements with the synthetic method starting with a waterÈbenzene mixture and progressively adding small amounts of carbon dioxide. These isobaric and isothermal triangular diagrams can be constructed by combining data from the pÈT diagrams such as Fig. 1 and 2 and data for the three binary sub-systems. Above temperatures of 373 K three di †erent two-phase regions can be observed, enclosing a heterogeneous three-phase area that disappears above 485 K. The binary two-phase waterÈbenzene and waterÈcarbon dioxide areas merge into one. Benzene and carbon dioxide have a miscibility gap of between only 373 and 503 K at this pressure. Below 500 K a central three-phase area exists which disappears at higher temperatures.
One can arrange the isothermal triangular diagrams of Fig.  4 to form an isobaric prism as illustrated in Fig. 5 . Broad two-phase regions occur on both sides of the aqueous binary subsystems. These two-phase regions contract with increasing temperature until they end at the boiling point of pure water at 14.2 MPa. The benzeneÈcarbon dioxide binary sub-system shows a loop enclosing a two-phase area between a maximum and minimum temperature. Only in this region of the ternary Tables 2 and 3 plus interaction  parameters in text. mixture with three binary miscibility gaps can three phases coexist. This area becomes smaller as the temperature either decreases or increases. It ends in critical node-Iines that do not necessarily coincide with an isothermal plane. Two critical curves extend between the end points of these critical nodeIines and the two critical points of the benzeneÈcarbon dioxide binary subsystem identifying the disappearance of the low water concentration two-phase region.
Phase triangles for 65 and 300 MPa, calculated from the Guggenheim equation of state and interaction parameters obtained from the analysis of the binary sub-systems, are presented in Fig. 6 and 7 . The three-phase region has disappeared at these high pressures. The two sets of phase triangles demonstrate that, at moderate temperatures, one two-phase region links the miscibility gaps of the water-benzene subsystem with the water-carbon dioxide sub-system. At a pressure of 65 MPa and in the very narrow temperature range of 537 to 538 K, the two-phase region Ðrst shrinks and then parts to form two two-phase regions conÐned to the relative proximity of the water-carbon dioxide and the water-benzene subsystems. The behaviour is in qualitative agreement with the experimental results.
It is interesting to examine composition triangles of this kind at the very high pressure of 300 MPa (Fig. 7) , where again no three-phase region appears. Irrespective of the large pressure di †erence between 65 and 300 MPa, the temperature dependent phase behaviour deviates only moderately.
